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Genome Sequence Analysis Indicates that the Model Eukaryote
Nematostella vectensis Harbors Bacterial Consorts
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Analysis of the genome sequence of the starlet sea anemone, Nematostella vectensis, reveals many genes whose products are phy-
logenetically closer to proteins encoded by bacteria or bacteriophages than to any metazoan homologs. One explanation for such
sequence affinities could be that these genes have been horizontally transferred from bacteria to the Nematostella lineage. We
show, however, that bacterium-like and phage-like genes sequenced by the N. vectensis genome project tend to cluster on sepa-
rate scaffolds, which typically do not include eukaryotic genes and differ from the latter in their GC contents. Moreover, most of
the bacterium-like genes in N. vectensis either lack introns or the introns annotated in such genes are false predictions that,
when translated, often restore the missing portions of their predicted protein products. In a freshwater cnidarian, Hydra, for
which a proteobacterial endosymbiont is known, these gene features have been used to delineate the DNA of that endosymbiont
sampled by the genome sequencing project. We predict that a large fraction of bacterium-like genes identified in the N. vectensis
genome similarly are drawn from the contemporary bacterial consorts of the starlet sea anemone. These uncharacterized bacte-
ria associated with N. vectensis are a proteobacterium and a representative of the phylum Bacteroidetes, each represented in the
database by an apparently random sample of informational and operational genes. A substantial portion of a putative bacterio-

phage genome was also detected, which would be especially unlikely to have been transferred to a eukaryote.

he starlet sea anemone, Nematostella vectensis, is a tiny, trans-

lucent invertebrate animal living in the estuarine salt marshes
along both coasts of the United States, as well as the United King-
dom and Nova Scotia. N. vectensis belongs to the phylum Cni-
daria, a primitive, nonbilaterian clade of metazoa, and is an in-
creasingly popular model system for the study of the genetic
control of metazoan body plan formation, the mechanisms of re-
generation, and the evolution of development. A shotgun genome
sequence of N. vectensis was obtained, assembled into long scaf-
folds, and annotated in 2007, and a remarkable resemblance of the
gene repertoire in the species to the gene sets in more complex
metazoa was emphasized, including a higher sequence similarity,
a larger content of shared genes, and a higher degree of synteny
between N. vectensis and vertebrates than between vertebrates and
familiar invertebrate model organisms, such as the fruit fly and
soil nematode (1). Detailed, case-by-case analysis of regulatory
and signaling pathways shared by N. vectensis and higher animals
has confirmed a premetazoan origin for many of these pathways,
either in substantially complete form or in simpler versions that
have been elaborated later in metazoan evolution by molecular
“tinkering” (2, 3).

The other subset of N. vectensis genes, i.e., those that are neither
metazoan inventions nor even eukaryote specific, has received rel-
atively little attention. The ancient genes shared by a metazoan
and prokaryotes are seen as the determinants of ancestral func-
tions, vertically inherited from the prokaryotic ancestor of eu-
karyotes, as well as from the ancient alphaproteobacterium that
must have given rise to modern-day mitochondria in the process
of symbiogenesis (4). Such genes predate the origin of multicellu-
lar eukaryotes and are expected to be found, not only in bacteria
and N. vectensis, but also in unicellular eukaryotes and different
metazoa, allowing for gene losses in some of these lineages.

Recently, however, it has been noted that some genes in N.

6868 aem.asm.org

Applied and Environmental Microbiology p. 6868-6873

vectensis have orthologs in many bacteria but hardly any orthologs
in other eukaryotes. For example, a trio of genes encoding putative
cyclodipeptide synthases, the aminoacyl-tRNA synthase-like en-
zymes once thought to be restricted to bacteria, have been re-
ported in N. vectensis (as well as one fungus and a lophotrocho-
zoan invertebrate, but not in any other eukaryote), and one of the
enzymes was expressed and shown to be enzymatically active (5).

In another study, Starcevic et al. (6) identified several genes in
N. vectensis encoding putative enzymes of the shikimate pathway
for biosynthesis of aromatic acids, which are not known to be
produced by any metazoa. These sequences were too specifically
related to the homologs from contemporary flavobacteria to attri-
bute their origin to pre-eukaryotic or mitochondrial ancestry.
Starcevic et al. noted that some of these genes contained introns
(suggesting that the sea anemone may have acquired them from
flavobacteria in times ancient enough to allow some intronization
events), but other genes had no introns and possessed very high
levels of sequence identity and codon usage similar to that of the
bacterial homologs. This, as well as the additional gene sequences
in the N. vectensis genome that had specific phylogenetic affinity to
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flavobacteria or, in the case of homologs of bacterial 16S rRNA, to
another bacterial lineage, pseudomonads, led Starcevic et al. to a
hypothesis that the genome project of N. vectensis may have also
sequenced portions of bacterial genomes present in the laboratory
specimen of the sea anemone from which the genomic DNA li-
brary was prepared. Rather than dismissing these putative bacteria
as biologically irrelevant sample contamination, Starcevic et al.
suggested that they may represent novel, previously unknown
consorts of the sea anemone, perhaps even its obligatory endo-
symbionts (6).

Our own curiosity about bacterium-like genes annotated as
belonging to N. vectensis was piqued in the course of an unrelated
project of sequence analysis of the global bacteriophage gene rep-
ertoire (7). We were particularly interested in genes with high
phageness quotients, i.e., those genes that are often found in
phages but almost never occur in bacterial genomes, except for the
integrated prophages (7). When the all-inclusive sequence data-
bases, such as the NT/NR databases at NCBI (8), are searched
using these phage-specific protein sequences as queries in the
BLAST family of algorithms (9), it is expected that the significant
matches will originate from phage and prophage genomes, but not
from their bacterial hosts, let alone eukaryotes. Surprisingly, some
phage-specific genes also produced high-scoring matches to pu-
tative N. vectensis sequences. In agreement with Starcevic et al. (6),
we could explain this in two ways: first, these genes may have been
acquired by the N. vectensis genome in the evolutionary past by
horizontal gene transfer from bacteria; second, there may be dis-
tinct bacterial and phage (or prophage) consorts in the laboratory
lines of the starlet sea anemone. Obviously, either one or both of
these phenomena could have contributed to the collection of N.
vectensis genes of noneukaryotic origin, and it is of interest to
know the relative contribution of each.

In this work, we provide several complementary lines of com-
putational evidence that argue strongly for the existence of bacte-
ria and viruses closely associated with N. vectensis. A substantial,
perhaps nearly randomly sampled portion of this consortium’s
metagenome is already deposited in the databases, apparently
having been misannotated as N. vectensis genes when in fact this
gene complement should be studied further as evidence of the
holobiont organization of the sea anemone.

MATERIALS AND METHODS

Genome sequencing data were downloaded from the Joint Genome Insti-
tute (JGI) home page (http://genome.jgi-psf.org/Nemvel). Nonglobular
sequence segments were masked in the predicted N. vectensis proteins
using the SEG program with settings optimized for the purpose (10, 11).
The masked proteins were used as queries in searches by the BLASTP
program (9) against the nonredundant protein subsection of the Gen-
Bank database using the E-value threshold (-e parameter) set to 10~°.
Protein taxonomic assignments were performed by comparison of the
best matches in different taxa, as explained in more detail below.

The hypothesis of the overrepresentation of bacterium-like genes lo-
cated in separate scaffolds was tested as follows. We randomly shuffled the
classification labels of all genes from the N. vectensis genome project 1,000
times and calculated, for each such shuffling result, the number of genes
with bacterial labels located in scaffolds that had no genes with eukaryotic
labels. The number of such genes annotated in the real genome sequence
data was then compared with the 0.01% upper quantile of the obtained
distribution.

The GC content of the genomic scaffolds was calculated after masking
the interspersed genomic repeats with the RepeatMasker program (http:
/Iwww.repeatmasker.org).
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Validation of the intron annotations in bacterium-like genes was done
using three main criteria: (i) if the translation product of a bacterium-like,
intron-containing gene could be mapped on a protein ortholog from the
NR database along more than 90% of the query length without gaps longer
than 3 amino acids, its predicted introns were considered to be true; (ii) if
the predicted intron of a bacterium-like gene was flanked by two exons
that mapped on the distal portions of the same protein sequence, such an
intron was considered to be false, because in all such cases, the intron
sequence translations restored the absent portion of the protein (see be-
low); (iii) if the intron was flanked by two exons that mapped on different
proteins in the same bacterial species, the intron was also considered false,
as such predicted proteins are likely to be the artifacts of genome assembly
or annotation; (iv) in cases where all database sequence matches were to
protein repeats with moderate sequence similarity, the protein was re-
moved from further examination.

To assess the phylogenetic positions of bacterium-like proteins more
precisely, we selected all sequence matches obtained by the program
BLASTP with E-values within 20 orders of magnitude from the best non-
self match. For each taxonomic order that was found among the matches,
two representatives were randomly chosen for phylogenetic tree construc-
tion (in rare cases, the sole available representative of the order had to be
used). Trees were built based on the multiple protein sequence alignments
produced by the ClustalW program (12) using the PhyML software (13)
with 1,000 bootstrap replicates, with the parameter optimization mode
employed at the default settings. Trees were visualized with the MEGAS5
package (14). The shallowest tree clades that contained the query protein,
had bootstrap support higher than 75%, and contained only a protein(s)
from an organism(s) with a defined taxonomic position were considered
to be phylogenetically informative tree neighborhoods of the query gene
product.

The functions of the proteins encoded by Pseudomonas mendocina
ymp and Flavobacteria bacterium BAL38, two genomes providing the
maximal number of best database matches and closest phylogenetic
neighbors for N. vectensis bacterium-like proteins, were assigned on the
basis of the NCBI COG functional supergroups (15). We compared the
Spearman’s rank correlation coefficients between functional breakdowns
for the whole proteome and the set of best matches for N. vectensis pro-
teins.

To reannotate genes encoded by the bacteriophage scaffolds, we used
the BLASTX and PSI-BLAST programs from the BLAST package (9), as
well as Phage RAST (16).

RESULTS AND DISCUSSION

A considerable fraction of N. vectensis genes encode proteins of
bacterial origin. The current annotation of the N. vectensis ge-
nome comprises 24,780 protein-coding genes. We masked the
low-complexity sequence segments with the SEG program (11)
and searched the NCBI protein NR database using the BLASTP
program (9). More than one-fourth of the initial gene set (6,256
genes), when masked, had no nonself protein matches in NR. We
assigned the rest of the gene products to the major domains of life
(Eukarya, Bacteria, Archaea, or viruses) based on the consistent
phylogenetic positions of the group of their highest-scoring data-
base matches. A protein was ascribed to a particular domain if it
met at least two of three surrogate criteria: (i) it had the best
BLASTP match from this domain with an E-value of less than
107, and any match from another domain had an E-value at least
2 orders of magnitude higher; (ii) the bit score for the best match
in this domain was at least 50 bits higher than for any match in the
other domains; (iii) within 20 orders of magnitude from the E-
value of the best BLASTP match, the number of matches to pro-
teins from the domain was at least two times larger than the num-
ber of such matches to proteins of any other domain. As a result,
we provisionally classified 17,646 N. vectensis proteins. Manual
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FIG 1 GC contents of N. vectensis (A) and H. magnipapillata (B) contigs. Only
contigs from scaffolds with at least one annotated gene are included. In panel
A, the curves corresponding to Pseudomonas and Flavobacteriales contigs are
linked to the right vertical axis.

curation allowed us to classify 592 additional proteins. All told,
17,370 proteins were classified as eukaryotic, 850 as bacterial, 5 as
archaeal, and 13 as viral (including bacteriophages), and 286
could not be classified with this protocol. The initial set of auto-
matically assigned putative virus proteins consisted of seven bac-
teriophage proteins and six proteins from eukaryotic viruses.
Case-by-case reanalysis of sequence similarities, including the ver-
ification of conserved sequence motifs, suggested that among six
matches to eukaryotic viruses, only four were significant similar-
ities, all of them to baculovirus glycosyltransferases (the closest
database matches were GI:118197568, GI:68304238, and GI:
215401455), whereas the others were spurious matches due to the
presence of degenerate amino acid repeats not detected by the
default BLAST composition-based statistics and the SEG filtering
program (11). In contrast, all seven bacteriophage proteins had
consistent similarity patterns, suggesting that they were closely
related to gene products of podovirus 3 and two Pseudomonas
phages, PaP2 and 119X.

Furthermore, 850 of the N. vectensis predicted proteins either
had bacterial proteins as the closest match (typically much closer
to the bacterial proteins than to eukaryotic homologs) or, in 42%
of the cases, had significant matches only in bacteria but no
matches to eukaryotic proteins below the E-value of 107°. The
phylogenetically closest database matches of these bacterium-like
sequences originated from several clades of bacteria, but nearly
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FIG 2 Distributions of intron numbers in the complete set and the bacterium-
like subset of genes in the N. vectensis genome database. Only genes with less
than 31 predicted introns are shown.

two-thirds of them belonged to one of two clades: proteobacteria
(346 proteins, 151 of them from species of the genus Pseudomonas,
i.e., P. mendocina or others) and bacteroidetes (356 proteins, 277
of them from the order Flavobacteriales). These proteins are listed
in Table S1 in the supplemental material and are referred to as
“bacterium-like” here.

The bacterium-like and eukaryotic proteins in N. vectensis
reside on separate scaffolds. We examined the contents of the
genomic scaffolds containing 850 bacterium-like proteins in N.
vectensis and found that 670 of the proteins were encoded on the
scaffolds containing no genes of eukaryotic provenance. This re-
sult is highly unexpected under the hypothesis of random distri-
bution of bacterium-like genes among all protein-coding scaffolds
in N. vectensis (P < 0.0001). We tentatively classified the contigs
and scaffolds by the predominant phylogenetic affinity of the pro-
teins encoded by these genome fragments. A contig or scaffold was
classified as eukaryotic if it encoded one or more eukaryotic pro-
teins, as bacterium-like if it encoded at least one bacterium-like
protein and no eukaryotic proteins, as archaeon-like if it encoded
an archaeal protein(s) and no eukaryotic proteins, and as viral if it
encoded a viral protein(s) and no proteins of another origin. Us-
ing these criteria, we classified 3,225 genomic scaffolds of N. vect-
ensis that included at least one gene model with a phylogenetically
assigned product. Among these scaffolds, 2,705 were classified as
eukaryotic, 517 as bacterial, and 3 as phage or prophage; there
were no archaeal scaffolds.

Analysis of the nucleotide compositions of the scaffolds
showed that eukaryotic and bacterium-like scaffolds in N. vecten-
sis have distinct distributions of the GC contents, which are shown
in Fig. 1A. It is notable that the distributions of the GC contents of
bacteroidetes-like and proteobacterium-like scaffolds track
closely with the compositional properties of the respective bacte-
rial genomes and are very different from the eukaryotic scaffolds,
suggesting a lack of nucleotide sequence amelioration (17) of bac-
terium-like genes deposited in N. vectensis genome databases.

Many introns in bacterium-like genes from the N. vectensis
genome project are falsely predicted. The majority of genes in the
N. vectensis genome (72%) are predicted to contain at least one
intron. Interestingly, however, there are pronounced differences
in the statistics of introns in eukaryotic and bacterium-like scaf-
folds. Indeed, almost 75% of the genes in eukaryotic scaffolds
contain introns—more than 6 introns per gene on average—while
only 23% of the genes in bacterium-like scaffolds are predicted to
contain introns—only 1.6 introns per gene on average (Fig. 2).
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FIG 3 Intron validation for genes located in bacterium-like scaffolds. The
numbers of introns and genes in each set are indicated. In addition, 14 genes
were misclassified during this analysis, as all their BLASTP matches originated
from protein repeats or similar short domains.

Closer examination indicated that among 251 introns annotated
for bacterium-like genes, in 147 cases the protein level match
could be extended into the putative “intron.” A case-by-case ex-
amination demonstrated that 113 “introns” in 97 genes contained
contig borders (NNN tracks) within them. All of these introns
seem to be falsely predicted, because as the NNN sequence cannot
be incorporated into CDS regions, the motifs similar to splicing
sites were found in the flanking regions of each NNN track.

For the remaining 138 completely sequenced introns from 93
genes, a more detailed analysis was done. They were inspected by
comparing their translation products with the proteins that
matched their flanking exons, as illustrated in Fig. 3. All these
bacterium-like, intron-containing genes would be “smoking
guns” for eukaryotic acquisition and “domestication” if the in-
trons in them were genuine. Far from this being the case, however,
55 “introns” from 46 genes could be translated into a product with
significant similarity to bacterial proteins. In 38 of these cases, the
putative product was an extension of the product encoded by the
adjoining “exons.” Only 19 introns in three genes were confirmed
by our analysis to be true introns; however, in all these cases, we
have further discovered that the genes had been misclassified as
bacterial, as they have best matches that belong to bacteria but that
are only marginally better than multiple matches from eukaryotes.

Phylogenetic confirmation of bacterium-like proteins. We
validated our protein taxonomic assignments further by collecting
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the database homologs of each query protein, constructing more
accurate multiple alignments than those produced by BLASTP
database searches, and inferring phylogenetic trees using the max-
imum-likelihood method (see Materials and Methods). For 54
bacterium-like proteins, the set of database homologs within the
vast sequence similarity range consisted of only one (bacterial)
protein. Twenty-three such matches originated from Flavobacte-
riales and two from pseudomonads. Phylogenetic trees could be
constructed for the other 796 proteins, and in 636 cases, the bac-
terium-like proteins from the N. vectensis genome project were
clustered with other bacterial proteins in the tree. In particular,
234 proteins were clustered with flavobacterial and 121 with pseu-
domonad homologs. Only 17 bacterium-like proteins were found to
cluster with eukaryotic proteins from the database. For 140 proteins,
phylogenetic evidence was inconclusive, as the N. vectensis proteins
belonged to clades that included a mix of prokaryotic and eukaryotic
proteins with unclear branching order.

Functional classes of bacterium-like proteins in N. vectensis
are apparently randomly sampled from the bacterial genomes.
The majority of bacterium-like genes from the N. vectensis ge-
nome project are phylogenetically closer to Bacteroidetes or Pro-
teobacteria homologs than to any eukaryotic homolog. More spe-
cifically, almost all of these proteins have their best BLASTP
matches in Flavobacteriales or Pseudomonas at high levels of amino
acid identity (80 to 85% and 85 to 95% median identity, respec-
tively) to their nearest database homologs from these clades.

We analyzed the functions of these proteins by examining the
functional annotation of their close matches and comparing them
with the partitioning of the complete bacterial proteomes into
NCBI COG supercategories (15). Spearman’s rank correlation
statistics suggest that distributions of functions in N. vectensis bac-
terium-like protein sets resemble the functional partitioning of
the complete proteomes of their closest bacterial relatives much
more than the partitioning of the N. vectensis eukaryotic protein
set (the respective correlation coefficients are 0.88 versus 0.75 in
the case of P. mendocina ymp and 0.86 versus 0.60 for Flavobacte-
ria bacterium BAL38). This difference indicates that the sets of
bacterium-like proteins reported by the N. vectensis genome pro-
ject are more likely to have been randomly sampled from the cor-
responding bacterial proteomes than recruited into N. vectensis
because of their specific molecular functions.

Many of the bacterium-like proteins annotated by the N.
vectensis genome project have functions that are relevant to the
biology of bacteria but have never been reported in eukaryotes.
Examples are proteins with high similarity to Casl (one of the
CRISPR-associated proteins participating in a prokaryote-spe-
cific immunity system), bacterial transcription regulators and
bacterial-type protein kinases, the pilin glycosylation protein
PglD, OmpA/MotB domain proteins that operate in the outer
membrane of Gram-negative bacteria, and the aforementioned
cyclopeptide biosynthesis enzymes. Even if the genes encoding
these proteins were once horizontally transferred to the N.
vectensis genome, it would be highly unusual for a eukaryote to
maintain all of them, in an essentially unmodified form, to
perform a set of functions that are without precedent in meta-
zoa. Sequencing of the extant bacterial genomes by the scien-
tists working on the N. vectensis genome project, rather than
acquisition of genes by the Nematostella lineage, seems to the
most plausible explanation for such observations.

Particularly unusual were seven putative N. vectensis proteins
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confidently classified as close relatives of bacteriophage proteins
on the basis of their highly significant sequence similarity to ho-
mologs from Pseudomonas phage PaP2, Pseudomonas phage 119X,
and EBPR podovirus 3. All these phages belong to the family Podo-
viridae, and two of them are known to infect Pseudomonas species.
We reannotated three genomic scaffolds on which these proteins
were encoded and found a total of 32 open reading frames (ORFs),
mostly located close to each other on the same strand in each
scaffold, and no bacterium-like or eukaryotic proteins. Twenty-
four of these ORF products have homologs encoded by other
phage genomes, and for eight of them, we were able to predict
general functions (see Table S2 in the supplemental material).

The bacterium-like genes revealed by the N. vectensis ge-
nome project partition from the host genes similarly to the
genes of the known bacterial endosymbiont of Hydra magnipa-
pillata. In our analysis of putative bacterial genes that have been
sequenced in the course of the N. vectensis genome project, we
have obtained several kinds of evidence that, in our opinion, are
most compatible with the idea that the sea anemone genomic
library from the CH2 X CH6 laboratory strain contained se-
quences from at least two distinct bacteria. These bacterial species
are likely to be closely associated with the N. vectensis individuals
that were used as the DNA source, and also perhaps with the body
of sea anemones in the wild. No such bacterial inhabitants of the
sea anemone have been reported in the literature, let alone culti-
vated. Interestingly, however, many properties of bacterial scaf-
folds deposited by the N. vectensis genome project are similar to
the set of scaffolds with bacterial genes obtained more recently by
a genome project of another cnidarian, Hydra magnipapillata,
where the bacterial endosymbiont has in fact been described (18).
Our classification protocol applied to the H. magnipapillata ge-
nome revealed that among the 17,385 gene products, there were
401 proteins classified as bacterial. The majority of these proteins
have already been recognized as belonging to the bona fide pro-
teobacterial endosymbiont of H. magnipapillata (19). Interest-
ingly, our protocol also detected two proteins (GI:449662904 and
(G1:449662902) highly similar to protein products of giant DNA
viruses from the megavirus and moumouvirus groups, suggesting
that the Hydra microbiome may include additional life forms.

Similar to what we observed with the N. vectensis bacterium-
like genes, the genes of the bacterial endosymbiont of H. magni-
papillata tend to be intronless open reading frames, which are
located in separate genomic scaffolds characterized by distinct GC
contents. The Hydra genome project appears to have few, if any,
intron prediction artifacts in these genes, perhaps because the
presence of a bacterial symbiont in this biological specimen was
known in advance and corresponding genes could be verified with
bacterium-specific models.

We extended earlier observations (6) to show that the N. vectensis
genome sequence submitted to the sequence databases is very likely to
contain many genes of bacterial and bacteriophage origin. They are
located in distinct scaffolds, which can be separated from the DNA of
the target organism, N. vectensis, by several criteria, including the
nucleotide composition and the provenance of neighboring genes;
the spurious character of introns annotated in these genes; and a rich
and apparently randomly drawn repertoire of predicted protein
functions, which include several molecular roles considered to be
prokaryote specific. All these lines of evidence suggest that of the two
possible explanations for the presence of these genes in the data, i.e.,
(i) domestication by an invertebrate of horizontally transferred bac-
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terial genes in the evolutionary past and (ii) the occurrence of bacteria
in the N. vectensis planula used for DNA isolation, the latter seems to
be more plausible.

We propose that, far from these genes being biologically irrel-
evant sample contamination, their presence in the genome data-
base indicates that, similar to the cases of other marine Anthozoa
(20-22) and the completely sequenced freshwater hydrozoan H.
magnipapillata, the body of the starlet sea anemone is in fact a
holobiont, i.e., a consortium of a metazoan animal and bacteria
closely associated with it throughout most or all of the host life
cycle. As far as we know, no firm microbiological evidence for
such consorts of N. vectensis has been published.

Two distinct bacterial genera are clear leaders in high sequence
similarity of these bacterium-like proteins. They are Pseudomonas
and Flavobacterium, separated by many hundreds of millions of
years of bacterial evolution. Interestingly, the alternative sequence
assembly available in the StellaBase database (http://stellabase.org/;
23) contains 16S RNA from exactly these two genera (6).

On a more general note, the idea of horizontal gene transfer
from bacterial endosymbionts to their eukaryotic hosts, which
sounded heretical a decade ago, is now widely accepted. It stands
to reason that at least some bacterial genes may be “domesticated”
by the host, perhaps because of the selective advantage of the ex-
panded metabolic capability that these genes confer (5, 24-26).
However, in other situations, such as the one described here, the
presence of microbial genes in a draft eukaryotic genome assembly
may provide, “at the point of the investigator’s pen,” the clues to
the host-microbe associations that take place today but have
evaded detection by more traditional microbiological methods.
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